A comprehensive metabolomic profiling of Catharanthus roseus L. G. Don infected by 10 types of phytoplasmas was carried out using one-dimensional and two-dimensional NMR spectroscopy followed by principal component analysis (PCA), an unsupervised clustering method requiring no knowledge of the data set and used to reduce the dimensionality of multivariate data while preserving most of the variance within it. With a combination of these techniques, we were able to identify those metabolites that were present in different levels in phytoplasma-infected C. roseus leaves than in healthy ones. The infection by phytoplasma in C. roseus leaves causes an increase of metabolites related to the biosynthetic pathways of phenylpropanoids or terpenoid indole alkaloids: chlorogenic acid, loganic acid, secologanin, and vindoline. Furthermore, higher abundance of Glc, Glu, polyphenols, succinic acid, and Suc were detected in the phytoplasma-infected leaves. The PCA of the 1 H-NMR signals of healthy and phytoplasma-infected C. roseus leaves shows that these metabolites are major discriminating factors to characterize the phytoplasma-infected C. roseus leaves from healthy ones. Based on the NMR and PCA analysis, it might be suggested that the biosynthetic pathway of terpenoid indole alkaloids, together with that of phenylpropanoids, is stimulated by the infection of phytoplasma.
In 1967 it was found that phytoplasmas, previously termed mycoplasmalike organisms (MLO), were the cause of some plant yellowing diseases (Doi et al., 1967) . Phytoplasma are minute bacteria (200-800 mm) that have no cell wall and inhabit phloem sieve elements in infected plants. These noncultivable plant pathogens belong to the class of Mollicutes (McCoy et al., 1989; Lee and Davis, 1992; Garnier et al., 2001) . Comparison of 16S rDNA sequences showed the MLOs to be phylogenetically close to the acholeplasma/ anaeroplasma group of the Mollicutes, and the trivial name phytoplasma was adopted in 1994 to replace MLO (Garnier et al., 2001 ). 16S rDNA sequences were determined and used in the late 1990s to classify the phytoplasmas into 20 phylogenetic clusters (Seemü ller et al., 1998) . They have been associated with diseases in more than 300 plant species belonging to 98 families. They are introduced directly inside the sieve tubes of plants via homopterous insect vectors, primarily belonging to the family Cicadellidea (leafhoppers; Kummert and Rufflart, 1997) .
Plants infected by phytoplasmas exhibit an array of symptoms suggesting profound disturbances in the normal balance of plant metabolism, including yellowing, chlorosis, or bronzing of foliage, stunting (reduction of internodes and leaf size), virescence (the development of green flowers and the loss of normal pigments), phyllody (the development of floral parts into leafy structures), sterility of flowers, proliferation of secondary auxiliary buds often resulting in a witchbroom effect, proliferation of secondary roots, abnormal fruits and seeds, and abnormal elongation of internodes leading to slender shoots (Lee et al., 2000) . The symptoms induced in diseased plants vary with the species of phytoplasma and host plants and with the stage of infection. Internally, phytoplasmal infections can cause extensive swollen veins in phloem tissues. In general, all symptoms have clearly detrimental effects on plants. However, some plant species are tolerant or resistant to phytoplasmal infections, being thus asymptomatic or exhibiting mild symptoms only (Lee et al., 2000) . The resistance of plants to infection with phytoplasma and the specificity of the vectorphytoplasma-plant interaction is a cause for the fact that most plants do not harbor more than one type in natural conditions. This specificity, together with their noncultivable characteristic, has constituted a problem for the investigation of the plant-phytoplasma interaction. Catharanthus roseus, however, is known as a source plant that can harbor many phytoplasmas and is thus used for the maintenance of phytoplasma cultures.
To determine possible alterations, some general approaches have been carried out. Cell wall degradation and tissue maceration by enzymatic hydrolysis are well known to be associated with pathological processes. Starch content in the roots of diseased trees was found to be only about one-half to one-third of that of healthy trees in pear decline-affected pear trees (Batjer and Schneider, 1960) and proliferation-diseased apple trees (Kartte and Seemü ller, 1991) . Catlin et al. (1975) also reported that there was a considerable accumulation of carbohydrates and starch in leaves of pear decline-diseased pear trees and a greatly reduced transport of phytosynthetically fixed 14 C from the leaves of affected trees. In C. roseus roots, soluble carbohydrates were not markedly altered, but starch was considerably reduced when infected with the grapevine yellowing and apple proliferation phytoplasmas (Lepka et al., 1999) . In tobacco roots, there was a general decrease in soluble carbohydrates and starch following infection by the apple proliferation phytoplasma (Lepka et al., 1999) . Higher amino acid content was found in the source and sink leaves of ash yellows phytoplasma-infected C. roseus and source leaves of apple proliferation infected tobacco (Lepka et al., 1999) . The carotenoids content in aster yellows phytoplasmainfected leaves began to diminish 6 weeks after infection. The anthocyanin content in flowers infected with aster yellows phytoplasma significantly decreased (Yu, 1997) . Despite these reports, the metabolomic alterations in phytoplasma-infected plants are still unclear, especially in the case of secondary metabolites.
Quantitative and qualitative measurements of large numbers of plant metabolites can provide a broad view of the biochemical status of an organism (Fiehn et al., 2000) , and it would be of great interest for the detection of plants infected by phytoplasmas evaluated in this article. Whereas genomics and proteomics can provide insights into the potential of a biological system to interact with external perturbations, it is the resulting changes in the metabolic profile of the system that are potentially more useful for the understanding of the biochemical reaction to stress (Bailey et al., 2003) .
It is generally accepted that a single analytical technique will not provide sufficient visualization of the metabolome and, therefore, multiple technologies are needed for a comprehensive view (Summer et al., 2003) . However, the lack of the target biological material or the instability of the metabolome forces us to choose an optimum analytical tool for the metabolomic profiling. Therefore, it is preferable to use a wide spectrum chemical analysis technique, which is rapid, reproducible, and stable in time while needing only a very basic sample preparation. NMR is one of the techniques that could meet those requirements. In the last few decades, a number of techniques have been devised to develop NMR spectroscopy as a fingerprinting tool for the interpretation and quality assessment of industrial and natural products. At the same time, multivariate or pattern recognition techniques such as the well-described principal component analysis (PCA) and hierarchical cluster analysis have been specifically designed to analyze complex data sets (Summer et al., 2003) . Ward et al. (2003) reported that the various ecotypes of Arabidopsis could be distinguished using 1 H-NMR and multivariate data analysis. The analysis of the consequences of the genetic manipulation and strain differentiation in strains of yeast was also carried out with 1 H-NMR (Raamsdonk et al., 2001) . Roessner et al. (2000) reported the metabolite profiling of transgenic potato tubers overproducing invertase using gas chromatography/mass spectrometry, and they also determined the major biochemical phenotypes of transgenic potato lines using statistical data analysis (Roessner et al., 2001) . Gavaghan et al. (2000) reported that the NMR-based metabolomic approach could be applied to differentiate between genetic strains in mouse lines.
Here, we report a 1 H-NMR spectroscopy method, coupled with multivariate analysis for the metabolic analysis of 2 healthy and 10 types of phytoplasmainfected C. roseus leaves. The phytoplasmas evaluated in this study are listed in Table I . This approach may lead to the identification of metabolic pathways connected with the defense response to phytoplasma.
RESULTS

Visual Inspection of 1 H-NMR Spectra and Assignments of CHCl 3 Extract of Healthy and Infected C. roseus Leaves by Phytoplasma
For the identification of indole alkaloids, steroids or triterpenoids, and fatty components, CHCl 3 extracts were investigated ( The signals of catharanthine, stemmadenine, and tabersonine have been known as other main indole alkaloids of C. roseus. The levels of these alkaloids estimated by the 1 H-NMR signal intensity was relatively low compared to that of vindoline. Several methyl groups that might originate from steroids or triterpenoids showed high intensity in the range of The 1 H-NMR spectra of water extracts for the healthy and phytoplasma-infected leaves are shown in Figure 3 . As an example, the healthy leaves were compared with the plant infected by UDINESE phytoplasma in this figure. The differences between the healthy and infected plants were found to be larger than those detected in CHCl 3 extracts. The major differences are observed in the anomeric signals of carbohydrates such as d 5.42 (d, J 5 3.8 Hz), d 5.24 (d, J 5 3.7 Hz), and d 4.64 (d, J 5 9.5 Hz). These were assigned to be the anomeric protons of Suc, a-Glc, and b-Glc, respectively (Agrawal, 1992 1 H-NMR spectra of water extract of healthy C. roseus leaves (A) and phytoplasma (UDINESE)-infected C. roseus leaves (B) in the range of d 6.0 to d 8.0, and HMBC spectra of water fraction of phytoplasma (UDINESE)-infected (C) C. roseus leaves. In 1 H-NMR spectra (A and B): 1, H-7# of chlorogenic acid; 2 and 3, H-3 of secologanin; 4, H-2# of chlorogenic acid; 5, H-6# of chlorogenic acid; 6, H-3 of loganic acid; 7, H-5# of chlorogenic acid and aromatic signals of polyphenols; 8, fumaric acid; 9, H-8# of chlorogenic acid; *, possible signals of chlorogenic acid derivatives. In HMBC spectra (C): 1, correlation of H-3 and C-5 of secologanin; 2, correlation of H-3 and C-1 of secologanin; 3, correlation of H-3 and C-4 of secologanin; 4, correlation of H-3 and carbonyl group of secologanin; 5, correlation of H-7# and C-2# of chlorogenic acid; 6, correlation of H-7# and C-6# of chlorogenic acid; 7, correlation of H-7# and carbonyl group of chlorogenic acid; 8, correlation of H-3 and C-5 of loganic acid; 9, correlation of H-3 and C-1 of loganic acid; 10, correlation of H-3 and C-4 of loganic acid; 11, correlation of correlation of H-3 and carbonyl group of loganic acid; 12, correlation of H-2# and C-1# of chlorogenic acid; 13, correlation of H-2# and C-3#; 14, correlation of H-2 and C-1 of gallic acid derivatives; 15, correlation of H-2 and C-3 of gallic acid derivatives; 16, correlation of H-2 and carbonyl group of fumaric acid; 17, correlation of H-8# and C-1# of chlorogenic acid; 18, correlation of H-8# and carbonyl group of chlorogenic acid.
The signals of the main aromatic compound in the aqueous extract were assigned to chlorogenic acid (Fig. 4, A and B) . The (Fig. 1) (Inouye, 1991;  Fig. 4C ). When compared with reference compounds, those signals were assigned to be H-3 of secologanin (d 7.57 and d 7.49; Fig. 1) and loganic acid (d 7.09 ). In the case of secologanin, H-3 is changeable, especially at higher pH values because the aldehyde proton can form the dimethylacetal, and this results in the effect on the chemical shift of H-3 of secologanin (Kim et al., 2004; Tomassini et al., 1995) . So, the signal at d 7.49 might be due to the artifact of secologanin. The presence of secologanin could be confirmed by aldehyde signal at d 9.65. In the 1 H-NMR spectra of the water extract, a cluster of singlets was detected in the range of d 6.8 to d 7.0. These characteristic phenol signals were assumed to be those of polyphenols, such as gallic acid derivatives (Fig. 1) PCA is an unsupervised clustering method requiring no knowledge of the data set and acts to reduce the dimensionality of multivariate data while preserving most of the variance within it (Goodacre et al., 2000) . The principal components can be displayed graphically as a scores plot. This plot is useful for Figure 7 . Score and loading plot of PCA of the CHCl 3 extracts of healthy and phytoplasmainfected C. roseus leaves. A, score plot; B, loading plot of PC1; C, score plot with the intensity of H-9 of vindoline in 1 H-NMR spectra. 1, AP; 2, BLL; 3, DYON; 4, MOL; 5, PPT; 6, SMBB; 7, STOF; 8, STOL; 9, TBB; 10, UDINESE; H, healthy. The ellipse represents the Hotelling T2 with 95% confidence in score plots.
observing any groupings in the data set. PCA models are constructed using all the samples in the study. Coefficients by which the original variables must be multiplied to obtain the PC are called loadings. The numerical value of a loading of a given variable on a PC shows how much the variable has in common with that component (Massart et al., 1988) . Thus, for NMR data, loading plots can be used to detect the metabolites responsible for the separation in the data. Generally, this separation took place in the first two principal components (PC1 and PC2). For the data set obtained from the analysis of the CHCl 3 extracts, a six-component model explained 99% of the variance, with the first two components explaining 94% (Fig. 6A) . Examination of the scores and loading plots for PC1 versus PC2 showed that healthy C. roseus leaves are clearly separated from the phytoplasmainfected leaves (Fig. 7A) . The separation is due mainly to PC1. Investigation of the loading plot of PC1 indicated that the first component explained the variance in fatty components due to the signals at Figure 7C shows that infected leaves have 2 to 4 times increased level of vindoline relative to healthy plants by the comparison of the intensity of H-9 of vindoline at d 6.89. The difference obtained by PC2 has no effect on the separation of healthy and infected leaves because the same samples show a less reproducible value when compared to PC1 value.
PCA of Water Extract: Chlorogenic Acid, Glc, Loganin, Polyphenols (Gallic Acid Derivatives), Secologanin, Succinic Acid, and Suc Are Discriminating Metabolites to Different Phytoplasma-Infected C. roseus Leaves A variety of metabolites such as Ala, chlorogenic acid, fumaric acid, Glu, Glc, loganin, polyphenols (gallic acid derivatives), secologanin, succinic acid, and Suc were detected in 1 H-NMR spectra of water extracts. The detailed analysis of the difference in the content of these diverse metabolites could make it possible to differentiate the infected leaves from healthy ones. For the water extract, a nine-component model explained 99% of the variance, with the first two components explaining 95% (Fig. 6B ). Score plot of PC1 versus PC2 shows that healthy leaves are well separated from infected plants by both PC1 and PC2 (Fig. 8A) . The healthy leaves have lower PC1 and higher PC2 relative to infected ones. Examination of the loading plot of PC1 shows that the first component explains the variance in the amount of carbohydrates because high values were detected in sugar (Fig. 8C ). This region contains many peaks attributed to chlorogenic acid, fumaric acid, loganic acid, polyphenols, and secologanin. Most of C. roseus leaves infected by phytoplasma are well separated from healthy plants because of lower PC2 values, together with higher PC1 value. The lower PC2 values of infected leaves are due to the signals of a-Glc at d 5.24, b-Glc at d 4.66, and succinic acid at d 2.50 (Fig.  8D) . Small negative PC2 values also detected in the (Fig. 8E) . It means that chlorogenic acid, loganic acid, secologanin, and polyphenols are show a relatively at higher abundance in infected leaves. The Suc signals in 1 H-NMR spectra such as d 5.42, d 4.22, d 3.82, and d 3.68 show positive PC2 value. It thus seems to be more abundant in healthy plants compared to the infected ones. However, this contribution of Suc is quite opposite to the result of PC1 by which infected leaves are shown to contain more Suc than healthy ones. For the confirmation of the effect of Suc, the intensity of the 1 H-NMR signal at d 5.42 (H-1 of Suc) is plotted in Figure 8F . In most infected C. roseus leaves, this signal is higher, indicating an increase in the amount of Suc. The positive PC2 value might be due to the fact of an unusually higher signal detected in three plant samples (marked by 1 in Fig. 8F ) located outside of Hotelling T2 with 95% confidence.
DISCUSSION
1 H-NMR spectroscopy has proved to be a valuable tool for unbiased metabolite fingerprinting of healthy and phytoplasma-infected C. roseus leaves. This work demonstrates that the combination of 1 H-NMR spectroscopy with multivariate data analysis is readily amenable to the rapid screening profile, which at its most basic level can allow metabolic fingerprints to be generated. Further, the implementation of chemometric approaches to interpret the resulting complex data allows significant biochemical changes to be readily extracted from the data. By virtue of the NMR spectra already obtained, it is then possible to elucidate the nature of the metabolites that are the key to the separation between sample groups. The data for PCA can be scaled in different ways. If the data are mean centered then a covariance matrix is produced, but if the mean-centered data are scaled to unit variance, a correlation matrix is obtained. An advantage of the covariance matrix is that the loadings retain the scale of the original data. For the correlation method, however, a weaker signal possessing discriminatory power can be considered at the same level to stronger signals. In this study, both methods were evaluated but the covariance method showed a better separation.
Concerning the changes in carbohydrate metabolism caused by phytoplasma infection, it is noted that Glc and Suc were considerably increased in infected C. roseus leaves. Some infected plants showed a carbohydrate level 4 times higher than that of healthy plants. This increase of carbohydrates is confirmed by previous results. Lepka et al. (1999) reported that source leaves of C. roseus infected by grape vine yellows, apple proliferation, or ash yellows phytoplasma had a marked increased level of Glc, Fru, and Suc, and starch. In the case of young leaves, the amount of carbohydrates was found to be largely decreased (sink leaves were not analyzed in this study because of the limited amount available for analysis). Mature leaves generally export photosynthates to young leaves in healthy plants. However, the translocation was found to be severely impaired in phytoplasma-infected leaves of C. roseus leaves (Lepka et al., 1999) . The levels of carbohydrates induce the infected plants to find a way to consume the Suc or Glc that is accumulating in the source leaves. This could be achieved by using them in secondary metabolic pathways, such as those leading to terpenoid indole alkaloids or phenylpropanoids. Indeed, the increased 1 H-NMR intensities of loganic acid, secologanin, chlorogenic acid, and polyphenols in phytoplasma infection support this hypothesis. After the ubiquitous biosynthetic pathway leading to geranyl diphosphate, a series of specific steps restricted to a few plant species lead to secologanin through loganic acid. Secologanin and tryptamine are stereospecifically condensed to strictosidine by strictosidine synthase and further converted to other indole alkaloids such as ajmalicine, catharanthine, or vindoline (Smith, 1968; Scott et al., 1977; Zenk, 1977a, 1977b) . The level of loganic acid and secologanin in phytoplasma-infected C. roseus leaves was highly increased, and this increased level is well correlated with those of Glc and Suc. Most of the phytoplasma-infected C. roseus leaves showed higher levels of secologanin (Fig.9A) .Phytoplasma-infectedplantsshowedamarked bleaching of older leaves. This bleaching of older (source) leaves might be a consequence of accumulated carbohydrates in the source leaves (Lepka et al., 1999) . The loss of chlorophyll is usually accompanied by a general sugar-mediated repression of genes involved in phytosynthesis (Krapp et al., 1993; Lerchl et al., 1996) . Vindoline that is derived from secologanin in the terpenoid indole alkaloid pathway showed higher level in the infected leaves when compared to healthy plants. The amounts are well correlated with that of secologanin (Fig. 9B) .
The analysis of phenolic metabolites showed chlorogenic acid to be clearly increased in the phytoplasmainfected leaves (Fig. 10) . Phenylpropanoids including chlorogenic acid serve as inducible preformed phytoanticipins in many plant species (Dixon, 2001) . Tobacco plants overexpressing L-Phe ammonia-lyase produce high levels of chlorogenic acid and exhibit markedly reduced susceptibility to infection with the fungal pathogen Cerospora nicotianae (Shadle et al., 2003) . Wounding during the preparation of fresh-cut lettuce induced the synthesis and accumulation of chlorogenic acid (Kang and Saltveit, 2003) . In case of the cell suspension cultures of C. roseus elicited with Pythium aphanidermatum, an increased amount of phenolic compounds was found in the culture medium (Moreno et al., 1996) . Chlorogenic acid was also proposed as one of the allelochemicals increasing the resistance of cotton to larvae (Kranthi et al., 2003) . As in these previous reports, chlorogenic acid is produced at higher levels in the infected plants. The 1 H-NMR spectra of C. roseus leaves showed that phytoplasma infection increased the accumulation of chlorogenic acid by 2 to 4 times (Fig. 10) . Musetti et al. (2000) reported that polyphenols, lignin, and suberin were highly increased in plum and apple tree infected by apple proliferation and plum leptonecrosis. They were proposed to be defenserelated metabolites in the systemic disease caused by these phytoplasmas. In this study, the characteristic signals of gallotannin in 1 H-NMR spectra (cluster of singlets in the range of d 6.8-d 7.0) were found to be increased in most of phytoplasma-infected C. roseus leaves. As mentioned above, one of the symptoms of phytoplasma-infected plants is decoloration of leaves, especially of source leaves. This lack of chlorophyll in the infected leaves might be due to the blockage of the biosynthesis of chlorophyll by Glu or succinic acid. This may explain why 1 H-NMR spectra of the infected leaves showed higher amount of these compounds.
This study shows the great potential of NMR for metabolic profiling. Although minor compounds are not covered by this approach, one single analysis allows a number of quite different secondary metabolite pathways to be covered as well as the level of a series of important primary metabolites. The results gave clear leads for further studies of the effect of the phytoplasma infections. In case of C. roseus, the 1 H-NMR spectra showed that the metabolites related to the biosynthesis of terpenoid indole alkaloid (loganic acid, secologanin, and vindoline) and phenylpropanoids (chlorogenic acid and polyphenols) are present in higher amounts in the leaves infected by phytoplasma, as well as Glc and Suc (Fig. 11) . These metabolites may relate to the defense mechanism to phytoplasma in C. roseus.
MATERIALS AND METHODS
Plant Materials
Twelve Catharanthus roseus L. G. Don Peppermint White Cooler (2 types of healthy plants and 10 types of phytoplasma-infected plants) were analyzed to study their metabolic profile. The plants were graft inoculated with one of the following phytoplasma strains: apple proliferation (AP), Bringal little leaf (BLL), Moliére disease (MOL), potato purple top (PPT), Solanum marginatum big bud (SMBB), Stolbur (DYON), Stolbur (STOF), Stolbur (STOL), Stolbur (UDINESE), and Australian tomato big bud (TBB). The strains had previously been provided by Dr. E. Seemü ller, BBA, Dossenheim, Germany, and Dr. N. Petrovic, National Institute of Biology, Ljublana, Slovenia. The strains had previously been transmitted from their original host (Table I) to C. roseus. APinfected C. roseus plants were maintained at Leiden University at 20°C to 24°C with a photoperiod of 12 h a day. The other phytoplasma were maintained in C. roseus at the Plant Protection Service in Wageningen under the following conditions: during the day temperatures were 20°C to 24°C and during the night 18°C, with a photoperiod of 14 to 16 h a day. Samples were collected from symptomatic plants at three different times, i.e. January, March, and May 2003.
Solvents and Chemicals
First grade chloroform and methanol were purchased from Merck Biosolve (Valkenswaard, The Netherlands). CDCl 3 (99.96%) and D 2 O (99.00%) were obtained from Cambridge Isotope Laboratories (Miami) and NaOD from Cortec (Paris). Potassium dihydrogen phosphate, hexamethyl disilane (HMDS), and trimethyl silane propionic acid sodium salt (TSP) were purchased from Merck (Darmstadt, Germany).
Extraction for Plant Materials
Three hundred milligrams of ground material were transferred to a centrifuge tube. Five milliliters of 50% water-methanol mixture and 5 mL of
